We present two-dimensional numerical models of thermal convection of a compressible fluid in the mantles of super-Earths calculated under the truncated anelastic liquid approximation to discuss how adiabatic compression affects the thermal convection, depending on planetary mass. The convection is driven by basal heating, the viscosity depends on temperature, and the thermal expansivity and the reference density depend on the depth. We varied all of the magnitude of adiabatic heating, the Rayleigh number, the depth profile of the thermal expansivity, and that of the reference density in accordance with the planetary mass. The effects on thermal convection become substantial, when the planetary mass normalized by the Earth's mass M p exceeds a threshold M c , about 4. Hot plumes ascending from the core-mantle boundary become thinner with increasing M p ; they become almost invisible except around the core-mantle boundary, when M p > M c . The lithosphere that develops along the surface boundary due to the temperature dependence of viscosity becomes thicker with increasing M p and is about twice as thick as that at M p = 1 when M p = 9.4. The convective velocity is almost independent of M p . These results are in a striking contrast with earlier predictions that are made based on the models where the effects of adiabatic compression are neglected; it is important to take account of the effects of adiabatic compression properly in the exploration of mantle dynamics such as plate tectonics and hot spot volcanisms in massive super-Earths. Further researches are necessary to clarify the dependence of M c on the surface temperature and the material properties of the convecting mantle.
Introduction
Motivated by recent detection of a large number of super-Earths, i.e., extrasolar planets with a mass of up to ten times the Earth's (e.g., Borucki et al. 2011) , many researchers have explored dynamics of the mantle of super-Earths, because it is a key to understanding their tectonics, thermal history, and surface environments (e.g., Valencia et al. 2007; Valencia and O'Connell 2009; van Heck and Tackley 2011; Foley et al. 2012; Lenardic and Crowley 2012; Stein et al. 2013; Tackley et al. 2013; Stamenković and Breuer 2014) . In the terrestrial planets of our solar system, two of the most important factors that dominate mantle dynamics are the lithosphere and hot ascending plumes (e.g., Schubert et al. 2001; Davies 2011) . Whether the lithosphere on super-Earths is rifted into mobile plates as observed on the Earth or remains stagnant as observed on Venus and Mars has been a central issue, and the predictions made in the literature range from the stagnant lithosphere (e.g., O'Neill and Lenardic 2007; Stein et al. 2013 ) to active plate tectonics (e.g., Valencia et al. 2007; Valencia and O'Connell 2009; van Heck and Tackley 2011; Foley et al. 2012; Tackley et al. 2013) . In their review of parameterized convection models for super-Earths, Stamenković and Breuer (2014) conclude that whether plate tectonics can operate or not sensitively depends on the detail of the parameterization. The vigor of hot ascending plumes, although it has not drawn so much attention, is also an important issue, since hot plumes affect the activity of hot spot volcanism and large igneous provinces that have been suggested to rift the lithosphere on the Earth (e.g., Richards et al. 1989) . Before challenging these issues on the real super-Earths, however, it is important to explore thermal convection in the mantle of super-Earths as a problem of fluid dynamics. Recently, Miyagoshi et al. (2014 Miyagoshi et al. ( , 2015 Miyagoshi et al. ( , 2017 have focused on the effects of adiabatic compression in superEarths of ten times the Earth's mass, and found that the effects are substantial, as summarized below. Here, we apply our earlier numerical models to super-Earths of various mass to clarify the threshold in planetary mass above which the effects of adiabatic heating we found become important.
An important finding of Miyagoshi et al. (2014 Miyagoshi et al. ( , 2015 is that adiabatic compression substantially reduces the vigor of thermal convection in a massive super-Earth in contrast to the predictions of many of earlier studies that are based on the Boussinesq approximation where adiabatic compression is neglected (e.g., Valencia et al. 2007; Valencia and O'Connell, 2009; van Heck and Tackley 2011; Foley et al. 2012) . In their models, Miyagoshi et al. (2014 Miyagoshi et al. ( , 2015 found that the lithosphere becomes much thicker and hot ascending plumes become thinner than expected from Boussinesq models in a planet of ten times the Earth's mass. These results suggest that it is necessary to revisit the issue of plate tectonics and hot spot volcanism in super-Earths, taking account of the effects of adiabatic heating (e.g., Valencia et al. 2007; Valencia and O'Connell 2009; van Heck and Tackley 2011; Foley et al. 2012) . In this paper, we apply our earlier models to superEarths of various mass M p (the planetary mass divided by the Earth's mass) 1, 2, 4, 6, and 9.4 to clarify the minimum planetary mass above which the effects of adiabatic compression on mantle convection become prominent. To highlight the effects of adiabatic compression, we keep our models as simple as possible and neglect other factors like the possible effects of complicated rheology of mantle materials, the process of planetary formation, the boundary condition on the core-mantle boundary, and internal heating.
Model
We only briefly describe the model and basic equations here; the readers are referred to our previous studies for more detail (Miyagoshi et al. 2014 (Miyagoshi et al. , 2015 (Miyagoshi et al. , 2017 .
We calculated a thermal convection of an infinite Prandtl number fluid with a temperature-dependent viscosity in a two-dimensional rectangular box of the aspect ratio four under the truncated anelastic liquid approximation (TALA). All of the boundaries are shear stress free and impermeable. The surface temperature T /κ * where κ * is the thermal diffusivity. ρ(z) and α(z) are the depth-dependent reference density and thermal expansivity, respectively; η(T) is the viscosity; δ ij is the Kronecker's delta; z is the height measured from the bottom boundary; p is nonhydrostatic pressure; u and e z are the fluid velocity vector and the vertical unit vector; w is the vertical component of fluid velocity; t is time; Ra is the Rayleigh number defined
Here, ρ 0 * and α 0 * are the density and thermal expansivity at the surface, respectively, g * is the gravity, C * p is the specific heat, and η 0 * is the viscosity on the bottom boundary that is chosen as the reference viscosity.
The viscosity η depends on the temperature as
where r is the viscosity contrast between the top and bottom boundaries; we fixed r at 10 5 regardless of M p , in order to focus on the effects of adiabatic compression. The value of r is chosen so that the lithosphere develops along the cold surface of the planet. We do not take account for the pressure-dependent viscosity, because the physical properties under very highpressure expected in massive super-Earths are still not well known. For example, Karato (2011) suggests that such a high pressure may reduce rather than increase the viscosity. As shown in Table 1 , the thermal expansivity decreases with the hydrostatic pressure that is calculated from the depth as Miyagoshi et al. 2014 Miyagoshi et al. , 2015 Miyagoshi et al. , 2017 . The reference density depends on z as
The basic equations are discretized by a finite difference method. We employed the ACuTEMAN numerical code (Kameyama 2005; Kameyama et al. 2005) for the
calculation. The employed mesh is uniform and contains 1024 times 256 grid points. We carried out numerical calculations for planets with M p = 1, 2, 4, 6, and 9.4. The corresponding values of (Ra, Di) are ( 5 × 10 7 , 0.87), ( 1.3 × 10 8 , 1.49), ( 3.2 × 10 8 , 2.57), ( 5.5 × 10 8 , 3.52), and ( 1.0 × 10 9 , 5.00), respectively. In these estimates, we assume that the modeled planet has a similar chemical composition with the Earth's and that g * and d * depend on the planetary mass normalized by the Earth's mass M p as g * = g ⊕ M p 0.5 (Valencia et al. 2006 (Valencia et al. , 2007 , where the subscript ⊕ stands for the Earth's value; Ra thus calculated depends on M p as Ra = Ra ⊕ M p 1.34 , while Di depends on M p as Di = Di ⊕ M p 0.78 . Here, Di ⊕ = 0.87 and Ra ⊕ = 5 × 10 7 , as estimated with
, g ⊕ = 9.8 m/ s 2 , and d ⊕ = 2900 km. We fixed the temperature contrast across the mantle ΔT * at 3000 K in the estimates of Ra; the effects of variation in Ra due to a variation in ΔT * on numerical results can be readily estimated from the parametrized relationships presented in Tachinami et al. (2014) and Miyagoshi et al. (2015) . We also fixed the nondimensional surface temperature T s at 0.1, since Tachinami et al. (2014) has already investigated its effects on numerical results for iso-viscous models.
We shortly note the validity of TALA in the numerical model of mantle convection in the presence of strong compression. Compared with its untruncated counterpart (ALA), the effect on buoyancy of dynamic pressure is neglected in TALA. Such a truncation can be safely done in the mantles of terrestrial planets particularly with large mass, because the dynamic pressure is much smaller than the static one in the planetary interiors. This has been already confirmed from numerical results with M p = 10 in Kameyama and Yamamoto (2018) .
Results
The left column of Fig. 1 shows snapshots of the distribution of potential temperature T p (x,z) (color) and fluid velocity (arrows) we obtained at various M p at the statistically steady state, while the right column shows the horizontal average T p of the potential temperature T p (x,z). The potential temperature is calculated from the temperature T(x,z) as shown in Fig. 2 ( Miyagoshi et al. 2014 Miyagoshi et al. , 2015 Miyagoshi et al. , 2017 . We present T p rather than T in Fig. 1 , because T p is more directly related to the buoyancy force that drives thermal convection.
At M p = 1, hot plumes ascending from the core-mantle boundary are as prominent as the cold plumes that descend from the top cold thermal boundary layer (TBL), and the convective velocity around the cold plumes is comparable to that around the hot plumes. The heads of the hot plumes reach the base of the top TBL.
Hot ascending plumes become, however, less prominent as M p increases: At M p = 2, the convective flow induced by hot plumes is still an important element of the convection in the mantle. The excess temperature of the heads of hot plumes with respect to the surrounding mantle is, however, smaller than that calculated at M p = 1 shown in Fig. 1a . At M p = 4 and 6, the excess temperature of hot plume heads becomes even smaller. Hot plumes become faint except around the core-mantle boundary, and the heads are often detached from the stems of hot plumes before they ascend to the base of the top TBL. The excess temperature of hot plumes rapidly decreases as they ascend, while cold descending plumes are prominent at all depths. At M p = 9.4, hot plumes become almost invisible, while cold descending plumes are still conspicuous. The effects of adiabatic compression on temperature contrast between plumes and the surrounding mantle are more conspicuous for hot plumes than for cold plumes, because the effect is proportional to the temperature (Eq. 4). Figure 2 shows snapshots of the temperature distribution from which the potential temperature shown in Fig. 1 is calculated. Cold plumes are conspicuous at all M p . Hot plumes, in contrast, become fainter as M p increases and are almost invisible at M p = 4 or larger, although the structures can be slightly observed in the potential temperature distribution. Figure 3a shows the normalized thickness of the top TBL, or the lithosphere, plotted against M p . The base of the lithosphere is located at the depth level where T p − T s becomes 98% of T pm − T s : T pm is the local maximum of T p in the shallow mantle (Miyagoshi et al. 2015 ). The height of the base of the lithosphere thus defined is shown in the right column in Fig. 1 by the black dashed lines. The figure shows that the normalized thickness of the lithosphere is almost independent of M p . This behavior is different from that found in the earlier models where the Boussinesq approximation is employed: Under this approximation, the flux of convective heat transport q, which is approximately proportional to the inverse of the normalized thickness of the lithosphere, is known to depend on the Rayleigh number as q ∝ Ra 0.258 (e.g., T(x,z) Fig. 2 Snapshots of the temperature distribution (color) from which the potential temperature presented in Fig. 1 is calculated effect of adiabatic compression is taken into account. (In the figure, the lithosphere at M p = 1 is much thicker than that we usually observe for the Earth, because we neglected internal heating and plate motion in our models.) When converted to dimensional quantity by using
0.28 , which is described in "Model" section, the thickness of the lithosphere (= d * times the normalized thickness shown in Fig. 3a) increases with increasing M p , as shown in Fig. 3b (again, the thickness is normalized by the value at M p = 1), despite that a larger M p implies a thicker mantle, and hence a higher Rayleigh number. The lithosphere becomes about twice thicker, as the planetary mass becomes 9.4 times larger. For comparison, we show the dependence of the dimensional thickness on M p expected in an earlier parameterized convection model where the Boussinesq approximation is employed (Valencia et al. 2007) ; here the thickness is expressed as M p −0.45 (the dashed line). When the effects of adiabatic compression are considered, the lithosphere becomes thicker rather than thinner with increasing M p .
We also present a plot of the dimensional root-meansquare velocity of the convection V , as derived in "Model" section. Thus, the normalized thickness depends on M p as L(Mp = 1) · Mp −0.346 under the Boussinesq approximation, where L(Mp = 1) is the normalized thickness at M p = 1. This dependence is shown by the dotted line in Fig. 3a . The plot shows that the lithosphere becomes substantially thicker, when the
Discussion
In our numerical models, the effects of adiabatic compression on thermal convection become substantial in the mantle of super-Earths, when the mass M p exceeds a threshold value M c about 4. Hot ascending plumes become less prominent as M p increases and cannot directly ascend to the base of the lithosphere in a planet with M p larger than M c ~ 4. As a consequence, the flows induced by cold descending plumes become the major component of the convective flow at large M p . The thickness of the lithosphere normalized by the mantle depth is also affected by adiabatic compression. The normalized thickness becomes almost independent of M p , and hence the dimensional thickness of the lithosphere increases with increasing M p , as shown in Fig. 3b .
The hot plumes lose their buoyancy as they ascend in the mantle of planets with a large M p , because the temperature contrast between a hot plume and the surrounding mantle δΤ decreases by owing to adiabatic decompression, as the plume ascends. (See Eq. (7).) At M p = 2 (Di = 1.49), hot plumes ascend to the base of the lithosphere that is at the height z of ≈ 0.68; the coefficient α(z)Di is about 0.59 there, according to Table 1 and Eq. (5). At M p = 4 (Di = 2.57), however, the same value of the coefficient is reached at z ≈ 0.58, which is well below the base of the lithosphere. At larger M p , the same value of the coefficient α(z)Di is reached even at lower z. The lower level of z is the reason why the hot plumes stop ascending before they reach the base of the lithosphere at M p equal to 4 or greater.
An estimate of the average dissipation number Di = Di 1 0 α α 0 dz also leads to the same conclusion. Di is 0. 44, 0.57, 0.69, 0.74, 0.79 at M p = 1, 2, 4, 6, and 9.4, respectively; Di at M p = 4 is already about 90% of that at M p = 9.4. The rather large value of Di at M p > 4 is also the reason why the lithosphere becomes thicker (Fig. 3b) and the root-mean-square average velocity does not increase ( Fig. 3c ) with increasing M p at M p > 4 in spite of the larger Ra at larger M p . The stronger effects of adiabatic compression counteract the effects of higher Ra at large M p .
The role of adiabatic compression in controlling the thickness of lithosphere is also readily concluded from the comparison with results in our earlier work (Miyagoshi et al. 2015) . When both r and Di are fixed, the Nusselt number increases as Ra increases (see Figure 8 of Miyagoshi et al. (2015) ), indicating the decrease in nondimensional thickness of the lithosphere. (It also shows that its non-dimensional thickness is not determined by only r). In our present model where both Ra and Di
increase with M p , in contrast, its non-dimensional thickness does not decrease for given r. The difference from the results of Miyagoshi et al. (2015) clearly shows that the almost constant non-dimensional thickness of the lithosphere for the values of M p employed here (Fig. 3a) is caused by the counteraction between the increase in Ra and that in Di with M p . The thick lithosphere (Fig. 3b) and the inactive convection (Fig. 3c) observed at large M p imply that it is necessary to revisit the issue of plate tectonics on super-Earths. In the literature, the stress induced in the lithosphere by mantle convection has been estimated and has been compared with the rupture strength of the lithosphere to see if plate tectonics operates in super-Earths (e.g., Valencia et al. 2007; Valencia and O'Connell 2009 Fig. 3 ; the figure suggests that the stress decreases as M p increases, and that plate tectonics may be more difficult to operate in massive super-Earths.
The low activity of hot ascending plumes at large M p shown in Fig. 1 contains an implication for the volcanism on super-Earths, too. On the Earth, hot plumes are known to cause hot spot volcanism like the one observed at Hawaii and large igneous provinces (LIP) that causes rifting of plates (e.g., Coffin and Eldholm 1994) . However, the lowered activity of hot plumes due to the effect of adiabatic compression in our results suggests that such volcanism as the one observed on the Earth is not important in super-Earths, when M p exceeds around 4.
Of course, we neglected many factors that may affect thermal convection to fix the model presented here. As has been already discussed, the vigor of mantle convection measured by the Nusselt number significantly depends on the surface temperature in massive superEarths Tachinami et al. (2014) . The dependence of viscosity on pressure is also important (e.g., Tackley et al., 2013) . Besides, we neglected internal heating and highpressure induced phase changes such as the post-perovskite transition. Further numerical studies with these effects are necessary to predict with more confidence the threshold in M p above which the effects of adiabatic compression becomes important.
In summary, our numerical models suggest that the strong effects of adiabatic compression make both plate tectonics and volcanism caused by hot ascending plumes
